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The Rho-independent transcription terminator for the porA gene
enhances expression of the major outer membrane protein and
Campylobacter jejuni virulence in abortion induction
Abstract
Campylobacter jejuni is a leading cause of foodborne illnesses worldwide. Its porA gene encodes the major
outer membrane protein (MOMP) that is abundantly expressed and has important physiological functions
including a key role in systemic infection and abortion induction in pregnant animals. Despite the importance
of porA in C. jejuni pathogenesis, mechanisms modulating its expression levels remain elusive. At the 3′ end of
the porA transcript, there is a Rho-independent transcription terminator (named TporA in this study).
Whether TporA affects the expression and function of MOMP remains unknown and is investigated in this
study. Green fluorescent protein (GFP) fusion constructs with the porA promoter at the 5′ end and an intact
TporA or no TporA at the 3′ end of the gfp coding sequence revealed that both transcript level of gfp and its
fluorescence signals were more than 2-fold higher in the construct with TporA than the one without TporA.
qRT-PCR analysis of the porA mRNA and immunoblotting detection of the MOMP protein in C. jejuni
showed that disruption of TporA significantly reduced the porA transcript level and expression of the MOMP
protein. mRNA decay assay demonstrated that disruption of TporA resulted in shortened transcript half-life of
the upstream gfp or porA genes, indicating TporA enhances mRNA stability. In the guinea pig model, the C.
jejuni construct with an interrupted TporA was significantly attenuated in abortion induction. Together these
results indicate that TporA enhances the expression level of MOMP by stabilizing its mRNA and influences
the virulence of C. jejuni.
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Abstract 16 
Campylobacter jejuni is a leading cause of foodborne illnesses worldwide. Its 17 
porA gene encodes the major outer membrane protein (MOMP) that is 18 
abundantly expressed and has important physiological functions including a key 19 
role in systemic infection and abortion induction in pregnant animals. Despite the 20 
importance of porA in C. jejuni pathogenesis, mechanisms modulating its 21 
expression levels remain elusive. At the 3’ end of the porA transcript, there is a 22 
Rho-independent transcription terminator (named TporA in this study). Whether 23 
TporA affects the expression and function of MOMP remains unknown and is 24 
investigated in this study. Green fluorescent protein (GFP) fusion constructs with 25 
the porA promoter at the 5’ end and an intact TporA or no TporA at the 3’ end of the 26 
gfp coding sequence revealed that both transcript level of gfp and its 27 
fluorescence signals were more than 2-fold higher in the construct with TporA than 28 
the one without TporA. qRT-PCR analysis of the porA mRNA and immunoblotting 29 
detection of the MOMP protein in C. jejuni showed that disruption of TporA 30 
significantly reduced the porA transcript level and expression of the MOMP 31 
protein. mRNA decay assay demonstrated that disruption of TporA resulted in 32 
shortened transcript half-life of the upstream gfp or porA genes, indicating TporA 33 
enhances mRNA stability. In the guinea pig model, the C. jejuni construct with an 34 
interrupted TporA was significantly attenuated in abortion induction. Together 35 
these results indicate that TporA enhances the expression level of MOMP by 36 
stabilizing its mRNA and influences the virulence of C. jejuni.  37 
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Introduction 38 
Gram-negative bacteria are characteristically surrounded by a double membrane 39 
structure including an inner membrane (IM) and outer membrane (OM), which 40 
plays an important role in bacterial interaction with the surrounding environment. 41 
In OM,  approximately 50% of its mass consists of proteins, either as integral 42 
outer membrane proteins (OMPs) or as lipoproteins (1). A few integral OMPs, 43 
such as OmpA and other porin proteins are expressed at very high levels and are 44 
classified as major outer membrane proteins (MOMPs) in Escherichia coli and 45 
other gram-negative bacteria. These MOMPs form open, water-filled channels in 46 
the OM, which allow for the passage of small hydrophilic solutes, such as amino 47 
acids and mono saccharides, via passive diffusion (1-3). In addition to their role 48 
as structural proteins, MOMPs such as OmpA and OprF also serve as receptors 49 
for bacteriocins and bacteriophages, and play essential roles in the pathogenesis 50 
of gram-negative pathogens such as E. coli, Cronobacter sakazakii, 51 
Pseudomonas aeruginosa, Acinetobacter baumannii and others (4-9). Thus, 52 
MOMPs have diverse functions and are important players in the pathobiology of 53 
gram-negative bacteria. 54 
Campylobacter jejuni, a gram-negative bacterium, is a major enteric pathogen, 55 
and is estimated to be responsible for 400 to 500 million cases of diarrhea each 56 
year worldwide (10, 11). The Centers for Disease Control and Prevention (CDC) 57 
estimated that Campylobacter causes over 1.3 million cases of foodborne 58 
illnesses in the United States annually (12). As a zoonotic pathogen, C. jejuni can 59 
be transmitted to humans through consumption of undercooked poultry meat or 60 
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contaminated food, milk, and drinking water, or via direct contact with animals 61 
(11, 13). In humans, C, jejuni not only causes gastroenteritis, but is also 62 
associated with autoimmune complications such as Guillain-Barre syndrome (13). 63 
Although C. jejuni is generally an intestinal commensal in birds (14), it is a 64 
pathogen in ruminants, causing systemic infection and abortion in pregnant 65 
sheep, goats, and cattle (15-19). Among these ruminant species, the incidence of 66 
Campylobacter-induced abortions is the highest in sheep (15).  67 
Although genetically diverse C. jejuni strains are associated with sheep abortion 68 
in different countries (15-19), a single tetracycline-resistant and hypervirulent C. 69 
jejuni strain, named clone SA (for sheep abortion), is responsible for the majority 70 
(> 90%) of ovine abortion cases in the United States (20). The clonality of SA 71 
strains was confirmed by pulsed-field gel electrophoresis (PFGE) and multilocus 72 
sequence typing (MLST) (ST-8) (20) as well as whole genome sequencing 73 
analysis (21). The hypervirulent nature of clone SA in inducing systemic infection 74 
and abortion as compared with other C. jejuni strains was clearly shown in a 75 
pregnant guinea pig model (22), a well-established animal model for  76 
Campylobacter-induced abortion (23-25). Using a directed genome evolution 77 
strategy, several amino acid polymorphisms in the MOMP encoded by porA were 78 
identified responsible for the hypervirulence phenotype of clone SA (21). 79 
Specifically, virulence-enhancing mutations are located in a surface-exposed 80 
loop (loop 4) of MOMP (21). In C. jejuni, MOMP is known to function as an outer 81 
membrane porin protein, allowing transport of nutrients and other small 82 
molecules  (26-35). Additionally, there were studies suggesting that MOMP 83 
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contributes to the adherence of C. jejuni to host cells (32, 33) and the resistance 84 
of C. jejuni to certain hydrophilic antibiotics (27). The recent finding on the role of 85 
MOMP in inducing abortion suggests it has a yet-to-be-discovered function in 86 
mediating host-pathogen interaction in C. jejuni (21).  87 
Despite the importance of MOMP in C. jejuni pathophysiology, the genetic 88 
mechanisms modulating its expression level remain to be defined. Recent RNA-89 
seq studies indicated that the porA promoter (PporA) is one of the strongest 90 
constitutively transcribed promoters in C. jejuni, consistent with the high 91 
abundance of MOMP in C. jejuni whole-cell lysates (36, 37). Interestingly, at the 92 
3’ end of untranslated region of the porA transcript lies a putative transcriptional 93 
terminator (named TporA in this study; Fig. 1a). TporA contains structural features of 94 
a Rho-independent terminator (38), including a region of GC-rich hairpin 95 
structure and a stretch of uridines (U) at the 3’ end of the transcript. Transcription 96 
termination is an important mechanism for proper expression (39). In bacteria, 97 
two classes of transcription terminators have been identified, depending on 98 
whether the Rho protein (adenosine triphosphate-dependent RNA translocase) is 99 
involved in the termination process.  Rho-dependent terminators relies on binding 100 
of the Rho protein to nascent RNA and dissociates the elongation complex (EC), 101 
while Rho-independent terminators (intrinsic terminators), composed of a GC-rich 102 
stem-loop structure followed by a series of U residues, causing dissociation of 103 
the EC solely by DNA or RNA interactions with RNA polymerase (RNAP) without 104 
the assistance of auxiliary transcription regulators (40, 41). In addition to 105 
transcription termination, Rho-independent terminators may also have other 106 
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function such as modulating mRNA stability (42). Due to the characteristic 107 
structure of Rho-independent terminators, bioinformatic analyses have been 108 
successful in predicting them in the genomic sequences of bacteria such as 109 
Escherichia coli, Bacillus subtilis, Vibrio cholera and others (43-46). Helicobacter 110 
pylori, a close relative of C. jejuni in the Epsilonproteobacteria group, was 111 
previously predicted to be without any characteristic Rho-independent 112 
terminators (43, 44); however, recent bioinformatic and functional analyses 113 
suggested that Rho-independent termination exists and plays a significant role in 114 
H. pylori transcriptional termination (46, 47).  115 
In C. jejuni, the influence of transcription termination on gene expression has not 116 
been characterized. Given the important role of MOMP in C. jejuni physiology 117 
and virulence as well as the abundant nature of the protein in Campylobacter 118 
cells, we investigated the role of TporA in maintaining high-level expression of 119 
MOMP in this study. Additionally, we further analyzed the impact of MOMP 120 
expression level on the virulence of C. jejuni clone SA in the pregnant guinea pig 121 
model. The results indicate that TporA is critical for high-level MOMP expression 122 
and the expression level of MOMP influence the virulence of C. jejuni in abortion 123 
induction.  124 
Results 125 
TporA enhances GFP level and fluorescence intensity in C. jejuni. To 126 
quantitatively measure the effect of TporA on porA expression in Campylobacter, a 127 
GFP reporter was utilized to generate three fusion constructs in the C. jejuni 128 
IA3902 strain (clone SA), in each of which the gfp gene is under the control of 129 
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PporA, but differs in the 3' ends (Fig. 1b, Table 1). The details about making the 130 
three constructs were described in the Materials and Methods section. C. jejuni 131 
construct 3902gfpcj contains a single copy of a fusion gene gfpcj in a 132 
chromosomal location between the 16S and 23S rRNAs region, while 3902gfpcj-T 133 
harbors gfpcj with additional 114 bp TporA-containing sequence to the 3'end of 134 
gfpcj. Additionally, 3902gfpcj-ΔT contains gfpcj with a truncated TporA (with a 10 bp 135 
deletion of the dyad structure of TporA) (Fig. 1b). C. jejuni GFP reporter constructs 136 
3902gfpcj and 3902gfpcj-T were measured for fluorescence intensity (Fig. 2a). 137 
During a 30 min continuous measurement, both 3902gfpcj and 3902gfpcj-T 138 
constructs exhibited a stable fluorescence production. However, 3902gfpcj-T with 139 
an intact TporA yielded approximately 2.5-fold higher fluorescence intensity than 140 
3902gfpcj without TporA, suggesting the TporA increases expression of the GFP 141 
protein. To further prove the difference in expression was due to TporA, 3902gfpcj-142 
ΔT, in which a 10 bp deletion was made in TporA to break the dyad symmetry 143 
structure (Fig. 1b), was compared with 3902gfpcj-T for fluorescence production. 144 
As shown in Fig. 2b, 3902gfpcj-T produced a significantly higher fluorescence 145 
level (P<0.01, unpaired t test) than 3902gfpcj and 3902gfpcj-ΔT, but 3902gfpcj and 146 
3902gfpcj-ΔT did not show obvious difference in the GFP fluorescence intensity, 147 
indicating TporA is important for high-level GFP expression in the 3902gfpcj-T 148 
construct.  149 
Under laser-scanning microscope, both C. jejuni 3902gfpcj-T and 3902gfpcj were 150 
fluorescent (Fig. 2c).  However, C. jejuni 3902gfpcj-T fluoresced more brightly and 151 
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uniformly than C. jejuni 3902gfpcj. This visual observation was consistent with the 152 
quantitative measurement of fluorescence intensity as described above (Fig. 2a).  153 
The presence of TporA is correlated with increased transcript levels of gfp 154 
and porA in C. jejuni. To understand how TporA affects the GFP protein 155 
expression level in C. jejuni, 3902gfpcj and 3902gfpcj-T were compared for gfp 156 
transcription levels by qRT-PCR (Fig. 1b). Results showed that the transcript 157 
level of gfp in 3902gfpcj-T was 2.39-fold (p < 0.05, Student t-test) higher than that 158 
in 3902gfpcj, consistent with the enhanced GFP signal in 3902gfpcj-T.  159 
In order to evaluate the effect of TporA on MOMP expression and virulence in 160 
abortion, two C. jejuni NCTC11168 constructs with different TporA configurations 161 
were generated (Fig. 1c) and evaluated for the transcript level of the porA gene 162 
by qRT-PCR. The reason for using C. jejuni strain NCTC 11168 (48) for this 163 
purpose was that it is a non-abortifacient strain, but acquisition of a single gene 164 
porA from IA3902 makes the strain fully virulent in abortion induction (21). The 165 
11168porA3902-TporA construct contained the porA gene of IA3902 and an intact 166 
TporA, with a kanamycin resistance cassette aph-3 inserted downstream the TporA 167 
sequence to facilitate the selection of transformants. The 11168porA3902 168 
construct contained porA of IA3902 but with an interrupted TporA due to insertion 169 
of the aph-3 cassette upstream of TporA (Fig. 1C). Consistent with the qRT-PCR 170 
results for the gfp gene, the porA transcript level in 11168porA3902-TporA was 2.23-171 
fold (p < 0.05, Student t-test) higher than that in 11168porA3902. Together, the 172 
qRT-PCR results indicated that the presence of TporA is correlated with increased 173 
transcript level of its upstream gene, regardless of the actual coding sequences.  174 
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Interruption of TporA reduces MOMP expression in Campylobacter. To 175 
investigate whether TporA affects the expression level of MOMP in Campylobacter, 176 
whole-cell lysates of C. jejuni 11168porA3902-TporA and 11168porA3902 (Fig. 1c) 177 
were analyzed by SDS PAGE and immunoblotting using an anti-MOMP antibody. 178 
Whole-cell lysates of wild types strains IA3902 and NCTC11168 were also 179 
included as controls. Results showed that the MOMP band was clearly visible in 180 
all C. jejuni isolates on the SDS-PAGE gel (Fig. 3a) and the immunoblot (Fig. 3b), 181 
but the MOMP band in 11168porA3902 (Lane 2), was visually less abundant than 182 
in other strains. Densitometry analysis of the SDS-PAGE gel using the Image 183 
Lab software (Biorad) showed that the relative ratio of band densities of MOMP 184 
in the four C. jejuni strains (IA3902, 11168porA3902, 11168porA3902-TporA, and 185 
NCTC11168) was 1: 0.43: 0.98: 1.10. Notably, the MOMP level in C. jejuni 186 
11168porA3902-TporA was comparable to that in wild-type NCTC11168 and IA3902, 187 
but the MOMP level in C. jejuni 11168porA3902 was 2.27-2.56-fold lower than that 188 
in 11168porA3902-TporA and the wild-type strains. This result was consistent with 189 
the qRT-PCR results that the porA transcript level in 11168porA3902-TporA was 190 
2.23-fold higher than that in 11168porA3902. It also indicates that TporA affects 191 
MOMP expression in C. jejuni.  192 
 TporA enhances gfp and porA mRNA stability. It was reported in E. coli that 193 
some Rho-independent terminators influence gene expression by stabilizing 194 
upstream mRNA such as the case with lambda phage int gene (49). To 195 
investigate if TporA affects the stability of its upstream mRNA in Campylobacter, C. 196 
jejuni constructs were subjected to mRNA half-life determination for the 197 
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transcripts of gfp and porA. However, C. jejuni is intrinsically resistant to rifampin 198 
and actinomycin D, the antibiotics that are commonly used to arrest transcription 199 
in bacteria (50, 51). The intrinsic resistance is primarily due to the function of the 200 
CmeABC efflux system (52, 53). Therefore, C. jejuni constructs 3902gfpcj and 201 
3902gfpcj-T were sensitized to rifampin by inactivating the CmeABC efflux system, 202 
generating 3902ΔABCgfpcj and 3902ΔABCgfpcj-T. Antibiotic sensitivity test 203 
showed that the MIC of rifampin was reduced from 256 mg/L for 3902gfpcj and 204 
3902gfpcj-T to 1 mg/L for 3902ΔABCgfpcj and 3902ΔABCgfpcj-T. Details about 205 
the mRNA half-life determination were described in the Materials and Methods. 206 
After rifampin treatment, mRNA level of gfp in both C. jejuni 3902ΔABCgfpcj and 207 
3902ΔABCgfpcj-T started to decay rapidly due to the arresting of new 208 
transcription (Fig. 4a). In 3902ΔABCgfpcj without TporA, the gfp mRNA half-life 209 
was 6.05 min (Goodness of Fit R2=0.9849), while the gfp mRNA half-life was 210 
13.02 min (Goodness of Fit R2=0.9015) in 3902ΔABCgfpcj-T with an intact TporA. 211 
The difference in half-life was statistically significant (P<0.05) by using the 212 
Kolmogorov-Smirnov statistic test as described previously (54). These results 213 
suggested that TporA stabilized gfp transcript in 3902ΔABCgfpcj-T strain. Similar 214 
results were also observed when measuring the porA mRNA half-life (Fig. 4b). In 215 
11168ΔABCporA3902 without TporA, the porA mRNA half-life was 9.82 min 216 
(Goodness of Fit R2=0.9902), while the porA mRNA half-life was 31.32 min 217 
(Goodness of Fit R2=0.9061) in 11168ΔABCporA3902-TporA with an intact TporA. 218 
The difference in half-life was statistically significant (P<0.05) as determined by 219 
the Kolmogorov-Smirnov test, indicating that TporA also enhanced the stability of 220 
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the porA transcript. Together, the mRNA stability test results along with the 221 
results of the qRT-PCR assay described above clearly indicated that TporA 222 
stabilizes the transcript of its upstream gene by enhancing its half-life. 223 
Interruption of TporA significantly reduced the ability of C. jejuni to induce 224 
abortion in the guinea pig model. The MOMP variant in C. jejuni IA3902 is 225 
critical for the virulence of C. jejuni in abortion induction (21). Given that TporA 226 
influences the expression level of MOMP, we examined whether it affected C. 227 
jejuni virulence. For this purpose, two C. jejuni NCTC11168 constructs, 228 
11168porA3902 and 11168porA3902-TporA (Fig. 1C) were examined for their ability 229 
to induce abortion in the guinea pig model. Wild-type strains NCTC11168 and 230 
IA3902 were included as negative and positive controls, respectively (Fig. 1C). 231 
All of the tested strains were similar in growth rate and motility as determined in 232 
culture media (data not shown). In guinea pigs, C. jejuni strain IA3902 was highly 233 
abortifacient, whereas NCTC11168 did not induce any abortion in the inoculated 234 
guinea pigs (Fig. 5), consistent with previous findings (21). It was shown 235 
previously that transfer of the porA gene of IA3902 into NCTC11168 by allelic 236 
exchange significantly enhanced its virulence (21). Interestingly, 11168porA3902-237 
TporA and 11168porA3902, both of which contained porA of IA3902 but differed in 238 
the TporA configuration, varied remarkably in their ability to induce abortion (Fig. 5). 239 
Specifically, the abortion rate for 11168porA3902-TporA was 75%, while it was only 240 
25% for 11168porA3902, which is significantly different (p<0.05). The abortion 241 
rates were correlated with the expression levels of MOMP in the two constructs. 242 
Culture results from the aborted tissues confirmed the clinical abortion rates as 243 
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all uterus and placenta samples were positive for Campylobacter in aborted 244 
animals and negative for Campylobacter in non-aborted guinea pigs. These 245 
results indicated that TporA, by modulating the expression of porA, influences the 246 
virulence of C. jejuni in the pregnant guinea pig model. 247 
Discussion 248 
Rho-independent terminators were found to account for ~80% of transcription 249 
termination events in E. coli and many other bacteria (39).  According to the 250 
WebGesTer Database (http://pallab.serc.iisc.ernet.in/gester/), a total of 409 Rho-251 
independent terminators were predicted in the genome of C. jejuni NCTC11168, 252 
suggesting that Rho-independent transcription terminators are commonly present 253 
in Campylobacter. However, functional characterization of transcription 254 
terminators in regulating gene expression has not been reported in 255 
Campylobacter.  In this study we demonstrated that TporA stabilizes the transcript 256 
of porA, enhances production of the MOMP protein in C. jejuni, a key virulence 257 
factor for abortion induction, and consequently influences the virulence of C. 258 
jejuni. The findings on TporA provide the first example for the important role of a 259 
transcription terminator in modulating gene expression and function in 260 
Campylobacter. 261 
In this study, TporA was observed to stabilize the transcripts of both gfp and porA 262 
in C. jejuni, which is demonstrated by the finding that the mRNA half-life of gfp 263 
and porA was significantly shortened when TporA was absent or interrupted (Fig. 264 
4). This was consistent with previous studies in E. coli that Rho-independent 265 
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terminators enhance their upstream gene expression by stabilizing mRNA such 266 
as the case with the trp operon (55), the lambda phage int gene (49) and the crp 267 
gene (42). However, the detailed molecular mechanism for mRNA stabilization is 268 
still debatable. It was postulated that the stem-loop structure in a transcriptional 269 
terminator contributes to RNA stabilization by preventing its degradation by 270 
exonucleases (42, 49, 55). However, later studies found that the absence of 271 
exonucleases RNAse II or PNPase, or overexpression of RNAse II, had no effect 272 
on the average half-life of E. coli bulk mRNA (56). Whether RNAse II and 273 
PNPase function together in the degradation is still unknown because strains that 274 
were deficient in both RNAse II and PNPase were non-viable and could not be 275 
constructed (56). Besides the transcriptional terminator that contributes to RNA 276 
stabilization, other elements in the 3’ untranslated regions (UTRs) of bacterial 277 
mRNA may also affect mRNA stability, such as a cis-acting element found in long 278 
3’ UTRs (57) and a AU-rich region in a 3’ UTR  that is recognized and cleaved by 279 
RNase E/G (58). To determine whether the stem-loop structure of TporA directly 280 
contributed to mRNA stability in this study, the 3902gfpcj-ΔT strain with half of the 281 
G+C-rich dyad symmetry sequence of TporA deleted (Fig. 1b) was constructed to 282 
rule out the possibility that other elements in the 3’ UTR of porA affected the 283 
mRNA stability. As a result, similar to the 3902gfpcj strain with the whole 3’ UTR 284 
of porA deleted (Fig. 1b), 3902gfpcj-ΔT strain emitted a much lower GFP 285 
fluorescence than the 3902gfpcj-T strain with an intact TporA structure (Fig. 2b), 286 
which clearly indicates that TporA is solely responsible for the stabilization of 287 
upstream mRNA. Similar result was also seen in a previous study that deletion of 288 
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the G+C-rich dyad symmetry sequence in the Rho-independent terminator of crp  289 
affected mRNA stabilization in E. coli  (42). Therefore, our results strongly 290 
suggest that TporA in C. jejuni modulates upstream gene expression by stabilizing 291 
the mRNA transcript although the detailed mechanism behind this effect remain 292 
to be investigated.  293 
In bacteria, mRNA is short-lived with the average half-lives of 2 - 10 min, in both 294 
fast-growing bacteria like E. coli, Bacillus subtilis, and Streptococcus pyogenes 295 
and slow growing bacteria such as Mycobacterium tuberculosis (59). This 296 
instability of mRNA levels in bacterial cells is crucial for quickly adapting gene 297 
expression to the changing environment and is influenced by the activities of 298 
ribonucleases that degrade RNA. Campylobacter, as an important zoonotic 299 
pathogen, is able to rapidly alter gene expression under various stress conditions 300 
both in the environment and in an animal host (60-63). Recent studies have 301 
reported that C. jejuni contains homologues of ribonucleases including RNase III 302 
and RNase R, which were found to be involved in cell adhesion and invasion (64, 303 
65), suggesting gene regulation by mRNA decay is important for Campylobacter 304 
infection of eukaryotic cells. However, RNA turnover and its role in 305 
Campylobacter pathophysiology remain poorly understood, and a major hurdle 306 
for measuring mRNA decay in Campylobacter was due to its intrinsic resistance 307 
to transcription arresting antibiotics such as rifampin and actinomycin D, which 308 
are commonly used in studies of prokaryotic mRNA decay. To overcome this 309 
hurdle, we sensitized Campylobacter to rifampin by knocking out its RND type 310 
efflux system CmeABC, which is a main mechanism for intrinsic resistance to 311 
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rifampin in Campylobacter (52).  Using this method, mRNA half-life of porA and 312 
gfp were successfully measured (Fig. 4), demonstrating the suitability of the 313 
CmeABC mutant background for investigating changes of mRNA decay in 314 
Campylobacter in future studies. 315 
Different GFP reporter systems have been constructed in Campylobacter either 316 
on shuttle plasmids (66, 67) or in the chromosome (68, 69). Plasmid-carried GFP 317 
reporter systems are used to achieve a high fluorescence level due to the high 318 
copy number of the vector plasmids. However, plasmid-carried reporter systems 319 
may not be stably maintained in C. jejuni. For example,  it was reported that C. 320 
jejuni strains carrying a plasmid-borne mCherry protein (a GFP variant) showed 321 
significant loss of the plasmid after 10 days passage in culture medium without 322 
selective antibiotics (70). The instability of plasmid-borne GFP reporter systems 323 
may hamper their application for understanding pathogen-host interactions using 324 
in vivo models. On the other hand, chromosomal GFP reporter systems are 325 
usually stable but require strong and constitutively expressed promoters due to 326 
their single copy nature. Recently, three GFP constructs with the same gfp 327 
encoding sequence but three different promoters from C. jejuni including PureI, 328 
PflaA and PporA were compared for GFP expression (68). Results showed that 329 
expression from the porA promoter produced the highest fluorescence among 330 
the three promoters in C. jejuni. To our knowledge, TporA was not used in 331 
generating the GFP constructs in the previous study. In this study, we showed 332 
that C. jejuni constructs containing gfp with both PporA and TporA produced much 333 
higher fluorescence intensity than the constructs containing gfp but only with 334 
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PporA (Fig. 2). Thus, TporA may be used to further enhance the fluorescence signal 335 
in the GFP reporter systems, improving their utility for visualizing C. jejuni 336 
interaction with host cells.  337 
The porA variant in C. jejuni clone SA is a key virulence factor, and transfer of 338 
the intact porA gene including TporA from IA3902 (a clone SA isolate) to non-339 
abortifacient strain C. jejuni NCTC 11168 made it fully virulent in abortion 340 
induction (21). In this study, it was found that the 3’ end non-coding TporA is 341 
important for the function of porA as abortion induction in pregnant guinea pigs 342 
was severely attenuated when TporA was interrupted (Fig. 5). This effect is likely 343 
due to the impact of TporA on the expression of porA as the MOMP protein yield 344 
was more than doubled in 11168porA3902-TporA compared to 11168porA3902 (Fig. 345 
3). How the MOMP protein contributes to abortion induction remains unknown, 346 
but the reduced expression of MOMP may affect the interaction of C. jejuni with 347 
the animal host during infection and consequently influence the pathogenic 348 
process. This finding along with the previous results (21) indicate that MOMP-349 
mediated virulence is not only related to its sequence polymorphism in the 350 
surface-exposed loops of the protein but also associated with its expression level.  351 
In summary, the works presented here clearly demonstrate that the transcription 352 
terminator TporA enhances the expression of MOMP by stabilizing its transcript 353 
and influences the virulence of C. jejuni in the guinea pig model for abortion 354 
induction. Since transcription terminators were not characterized in 355 
Campylobacter previously, this finding provides a previously undescribed 356 
example on how this common and vital genetic element influences gene 357 
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expression and function in Campylobacter. Given that MOMP is a key virulence 358 
factor and its expression level affects Campylobacter virulence, it’s possible that 359 
MOMP may be potentially targeted for attenuating Campylobacter infection. This 360 
could be achieved by use of antisense peptide nucleic acid (PNAs) (71) that 361 
specifically targets the porA gene. Since MOMP is essential for Campylobacter 362 
viability and porA cannot be deleted for functional characterization, the C. jejuni 363 
porA construct with an interrupted TporA provides a feasible alternative for 364 
functional analysis of MOMP as the construct is stable and shows reduced 365 
MOMP production, and does not affect Campylobacter viability in culture medium. 366 
Additionally, our study demonstrates that PporA and TporA can be combined to 367 
construct stable and highly expressed reporter systems in Campylobacter, which 368 
may be used for studying Campylobacter-host interactions during infection. 369 
Materials and Methods 370 
Bacterial strains and culture conditions. The Campylobacter strains used in 371 
this study and their sources are listed in Table 1. Bacterial cultures were grown in 372 
Mueller-Hinton (MH) broth or on MH agar at 42 °C under microaerobic conditions 373 
(5% O2, 10% CO2, 85% N2). 374 
Construction of GFP constructs in Campylobacter. The coding sequence of 375 
the original gfp gene (72) was codon optimized according to the GC content of 376 
the C. jejuni genome by using  the JCat program (Fig. S1) (73). Subsequently the 377 
codon optimized gfp gene was ligated with PporA at the 5' end to form gfpcj. 378 
Addition of the 114 bp TporA-containing sequence to the 3'end of gfpcj generated 379 
gfpcj-T. Additionally, gfpcj-ΔT was created by fusing gfpcj with a truncated TporA 380 
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(with a 10 bp deletion of the dyad structure of TporA) (Fig. 1b). All these constructs 381 
were made by gene synthesis (Genscript, USA) and sequences were listed in 382 
Table S1. The synthesized fusion constructs were then inserted into a 383 
chromosomal location between the 16S and 23S rRNAs region of C. jejuni 384 
IA3902 as described by Muraoka and Zhang (74), generating 3902gfpcj,  385 
3902gfpcj-T, and 3902gfpcj-ΔT, respectively. Since there are three copies of the 386 
rRNA operons in the C. jejuni genome, the insertion of the gfp gene in a single 387 
location of the IA3902 constructs was confirmed by PCR amplification using 388 
primers 16S1-F, 16S2-F, and 16S3-F, which represent the three rRNA operons, 389 
paired with 16S-R (Table 2).   390 
Allelic exchange of porA in Campylobacter. In order to evaluate the effect of 391 
TporA on MOMP expression and virulence, two C. jejuni NCTC11168 constructs 392 
with different TporA configurations were generated (Fig. 1c). The constructs were 393 
made using the same strategy as described in our previous study (21). Briefly, for 394 
constructing 11168porA3902-TporA, three PCR fragments were amplified including 395 
a IA3902porA-T fragment containing the porA gene from IA3902 (1,275 bp) and 396 
its downstream 106 bp sequence (amplified by porAF/porA-TR primers), aph-3 397 
(amplified by kanF/kanR), and a NCTC11168dnaJ1 fragment containing a part of 398 
the dnaJ gene from NCTC11168 (428 bp) (amplified by dnaJF1/dnaJR primers) 399 
using primer pairs listed in Table 2. These three fragments were ligated and 400 
amplified by primers porAF/dnaJR. The amplified product IA3902porA-T-aph-401 
NCTC11168dnaJ1 was then naturally transformed into NCTC11168. Allelic 402 
exchange and selection of transformants by kanamycin generated construct 403 
 o
n
 O
ctober 7, 2019 at IO
W
A STATE UNIVERSITY
http://iai.asm
.org/
D
ow
nloaded from
 
11168porA3902-TporA. Another ligated fragment IA3902porA-aph-404 
NCTC11168dnaJ2 was made in a similar manner, including a IA3902porA 405 
fragment containing the porA gene from IA3902 (1,275 bp) plus 6 bp of its 406 
downstream sequence (amplified by porAF/porAR primers), aph-3 (amplified by 407 
kanF/kanR), and a NCTC11168dnaJ2 fragment containing 108 bp of porA 408 
downstream sequence and a part of dnaJ from NCTC11168 (527 bp) (amplified 409 
by dnaJF2/dnaJR primers). The IA3902porA-aph-NCTC11168dnaJ2 was then 410 
naturally transformed into NCTC11168 to construct 11168porA3902 (Fig. 1c). The 411 
successful construction of the C. jejuni NCTC11168 constructs was confirmed by 412 
PCR and DNA sequencing. 413 
Fluorescence measurement and fluorescence microscopy. Fresh C. jejuni 414 
cultures were centrifuged (6,000x g for 5 min) and resuspended in PBS to OD600 415 
of 0.5. The cell suspension (200 µl) was assayed in triplicate with a fluorescent 416 
microplate reader (FLUOstar Omega, BMG Labtech, Germany) with emission at 417 
520 nm and excitation at 485 nm. For fluorescence microscopy, C. jejuni strains 418 
expressing GFP were grown overnight and approximately 108 cells were washed 419 
in 1 ml of PBS and resuspended in 50 µl of PBS. Approximately 10 µl of this 420 
suspension was spread on a glass slide and dried. After adding ProLong 421 
Diamond Antifade Mountant (Thermo Fisher Scientific, USA), the slide was 422 
covered with a coverslip for observation. Images were taken by an Olympus IX-423 
81 inverted fluorescence laser-scanning microscope. Images were prepared 424 
using Image J software (NIH). 425 
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Real-time quantitative RT-PCR (qRT-PCR) analysis of gfp and porA 426 
transcription. Specific primers for amplifying the gfp and porA gene was 427 
designed using the primer3 online interface (http://bioinfo.ut.ee/primer3/) and 428 
listed in Table 2. C. jejuni isolates were grown on MH plate for 16 h under 429 
microaerobic conditions. Total RNA purification from the cultures and subsequent 430 
qRT-PCR analysis were carried out as previously described (75). The relative 431 
changes (n-fold) in gene transcriptions between different strains were calculated 432 
using the Pfaffl method (76). 433 
Sensitizing C. jejuni to rifampin by disruption of the cmeABC operon. To 434 
sensitize C. jejuni to rifampin, cmeABC was inactivated by insertional mutation. 435 
Primer pair cmeA-5F/cmeA-5R (Table 2) was used to amplify the 5’ part of cmeA 436 
and its upstream region (cmeA-5’ fragment), while primer pair cmeC-3F/cmeC-437 
3R was used to amplify the 3’ part of cmeC and its downstream region (perR-3’ 438 
fragment). The primer pair cat-F/cat-R was used to amplify the chloramphenicol 439 
resistance cassette cat from the pRY112 plasmid (77). All PCRs were performed 440 
using the Phusion High-Fidelity DNA Polymerase (New England Biolabs, USA). 441 
The PCR-amplified cmeA-5’ fragment and the cmeC-3’ fragment were linked with 442 
the cat gene between them by overlap PCR using the primer pairs cmeA-443 
5F/cmeC-3R, resulting in the generation of the cmeA-5’-cat-cmeC-3’ construct, 444 
which was then purified and used to naturally transform C. jejuni strains 3902gfpcj 445 
and 3902gfpcj-T, generating 3902ΔABCgfpcj and 3902ΔABCgfpcj-T, respectively. 446 
Transformants were screened on MH agar plates containing 10 mg/L 447 
chloramphenicol. The constructs 3902ΔABCgfpcj and 3902ΔABCgfpcj-T were 448 
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confirmed for the insertion of the cat cassette in the CmeABC operon by 449 
chromosomal DNA amplification using primers cmeA-5F/cmeC-3R (Table 2).  450 
Similar methods were used to construct 11168ΔABCporA3902-TporA and 451 
11168ΔABCporA3902 strains by transforming the cmeA-5’-cat-cmeC-3’ construct 452 
into 11168ΔABCporA3902-TporA and 11168ΔABCporA3902, respectively. 453 
Subsequently, susceptibility test was performed to confirm sensitization of C. 454 
jejuni to rifampin as described in a previous study (52).  455 
Measurement of mRNA half-life in Campylobacter. C. jejuni strains 456 
3902ΔABCgfpcj and 3902ΔABCgfpcj-T were used to determine the gfp mRNA 457 
half-life as described previously for eukaryotic cells (78, 79) and Helicobacter 458 
pylori (80) with some modifications. Briefly, overnight-grown C. jejuni cultures on 459 
MH plates were pelleted and resuspended in fresh MH broth and adjusted to 460 
OD600=0.05 (~10
7-108 CFU/ml). Subsequently, cultures were incubated in an 461 
orbital shaker (160 rpm) at 42 °C under microaerobic condition for 6 h to mid-log 462 
phase. Rifampin (500 mg/L) was then added to the cultures. At designated time 463 
points (0, 5, 10, 15, 20, 30, 40, 50, 60 min) after adding rifampin, 500 µl of C. 464 
jejuni culture was taken and added into 1 ml RNAprotect Bacteria Reagent 465 
(Qiagen). For cultures from each time point, total RNA was extracted. Primers to 466 
amplify the gfp transcript and protocols for qRT-PCR were as described above. 467 
The qPCR data were used to calculate the gfp mRNA half-life using the 468 
GraphPad Prism software (San Diego, CA). The mRNA half-life was determined 469 
by one phase decay using a non-linear regression model according to 470 
instructions in the GraphPad Prism software, and the Kolmogorov-Smirnov 471 
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statistic was used to determine if differences in distributions were significant as 472 
described previously (54) and in the GraphPad Prism software . Similar methods 473 
were also used to determine the mRNA half-life of porA gene in C. jejuni strains 474 
11168ΔABCporA3902-TporA and 11168ΔABCporA3902. 475 
SDS PAGE and immunoblotting. The whole cell lysates of various C. jejuni 476 
strains including C. jejuni NCTC11168,  IA3902, 11168porA3902 and 477 
11168porA3902-TporA  were analyzed by sodium dodecyl  sulfate-polyacrylamide 478 
gel electrophoresis (SDS-PAGE) and western blotting to determine the 479 
expression of MOMP as previously described (52, 81). For immunoblotting, the 480 
primary antibody used for western blotting was rabbit anti-MOMP (1:1000 dilution) 481 
that was prepared in a previous study (81).  The secondary antibody was goat 482 
anti-rabbit immunoglobulin G-horseradish peroxidase (1:1000 dilution) from 483 
Seracare, USA. 484 
Virulence in pregnant guinea pigs. All animal procedures were conducted as 485 
described in our previous work (21).The experiment included 4 groups, each of 486 
which had eight animals and was inoculated with a different C. jejuni strain via 487 
oral gavage (~109 CFU). Animals were euthanized when signs of abortion (i.e., 488 
vaginal bleeding and/or expelled fetuses) were observed. Uterus and placental 489 
tissues were separately homogenized and plated onto Campylobacter-selective 490 
MH agar for culture confirmation of C. jejuni infection. At 20-21 days post 491 
inoculation (dpi) with C. jejuni, all non-aborted animals were euthanized and 492 
examined for pregnancy status as well as culture positivity as described above. 493 
Non-pregnant animals were excluded from data analysis. Survival curves and 494 
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statistical analyses (Log-rank test) were done using GraphPad Prism software 495 
(San Diego, CA). 496 
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Figure legends 714 
Fig. 1. The predicted Rho-independent terminator (TporA) structure immediately 715 
downstream of the porA gene and illustration of different C. jejuni constructs 716 
used in this study. (a) A stem-loop structure located 22 bp downstream of the 717 
TAA stop codon of porA. The predicted free energy (dG) is -14.86. (b) Diagrams 718 
of the three C. jejuni IA3902 GFP fusion construct:  gfpcj, gfpcj-T and gfpcj-ΔT. 719 
Boxed arrows represent the codon optimized gfp ORF. Curved arrows represent 720 
the porA promoter PporA. The lollipop shape with sold line represents the 721 
predicted Rho-independent terminator TporA. The lollipop shape with dashed line 722 
represents a truncated TporA with a 10-bp deletion of the stem structure as shown 723 
to the right. (c) Depiction of the porA flanking regions in C. jejuni wild type strain 724 
NCTC11168, IA3902, and its derivatives 11168porA3902-TporA and 11168porA3902. 725 
Boxed arrows depict ORF for each gene. Grey and black arrows represent the 726 
porA gene of C. jejuni NCTC11168 and IA3902 strains, respectively. Dash-line 727 
boxed arrows represent the kanamycin resistance cassette aph-3 inserted during 728 
introduction of the IA3902 porA gene into C. jejuni NCTC 11168 by allelic 729 
exchange. The lollipop shape represents the predicted Rho-independent 730 
terminator TporA. 731 
Fig. 2. Detection of GFP activities in C. jejuni constructs. (a) Continuous 732 
measurement of GFP production in C. jejuni 3902gfpcj (filled circle) and 733 
3902gfpcj-T (filled square). Fluorescence signals were measured at 3-min 734 
intervals for 30 min. The experiment was carried out three times, and a 735 
representative result is shown. (b) Quantitative measurement of GFP production 736 
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in C. jejuni constructs 3902gfpcj (white column), 3902gfpcj-ΔT (grey column), and 737 
3902gfpcj-T (black column). Fluorescence signals were measured in three 738 
biological replicates. P values indicates statistical difference between samples. (c) 739 
Fluorecent Campylobacter cells observed under laser-scanning microscope. The 740 
constructs are C. jejuni 3902gfpcj (left panel) and 3902gfpcj-T (right panel). 741 
Fig. 3.  Analysis of MOMP expression in various C. jejuni strains by (a) SDS-742 
PAGE and (b)Western blotting using an anti-MOMP antibody. Lane M, 743 
prestained molecular mass markers (Bio-Rad); Lane 1-4: whole cell lysate of C. 744 
jejuni IA3902, 11168porA3902, 11168porA3902-TporA and NCTC11168, respectively. 745 
The location of MOMP is highlighted by a box. 746 
Fig. 4. Decay curves of (a) the gfp mRNA in C. jejuni strains 3902ΔABCgfpcj 747 
(filled triangle) and 3902ΔABCgfpcj-T (filled square) and (b) the porA mRNA in C. 748 
jejuni strains 11168porA3902 (filled triangle), 11168porA3902-TporA (filled square). Y 749 
axis represents the ratio (percentage) of quantities of the gfp mRNA at each time 750 
point relative to the 0 min time point. Two independent experiments were carried 751 
out for gfp and porA mRNA decay assays, and a representative result is shown. 752 
Fig. 5. Virulence of C. jejuni IA3902 (filled circle), NCTC11168 (filled square), 753 
11168porA3902-TporA (filled inverted triangle) and 11168porA3902 (filled triangle) in 754 
a pregnant guinea pig model. Survival curves were compared by the log-rank 755 
(Mantel–Cox) test. ** (p<0.01) or * (p<0.05) indicate a statistically significant 756 
difference between two groups. 757 
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 Table 1. Bacterial strains used in this study 
Bacterial strain Relevant genotype or phenotype source 
NCTCϭϭϭ6ϴ C. jejuŶi WT isolate ϭ 
IAϯϵϬϮ C. jejuŶi WT isolate Ϯ 
ϭϭϭ6ϴporAϯϵϬϮ-TporA NCTC ϭϭϭ6ϴ deriǀatiǀe ǁith porA froŵ IAϯϵϬϮ aŶd aŶ iŶtact TporA This study 
ϭϭϭ6ϴporAϯϵϬϮ NCTC ϭϭϭ6ϴ deriǀatiǀe ǁith porA froŵ IAϯϵϬϮ aŶd aŶ 
iŶterrupted TporA 
This study 
ϭϭϭ6ϴΔABCporAϯϵϬϮ-TporA ϭϭϭ6ϴΔABCporAϯϵϬϮ-TporA deriǀatiǀe ǁith a ΔcŵeABC::cat 
iŶsertioŶal ŵutatioŶ 
 
ϭϭϭ6ϴΔABCporAϯϵϬϮ ϭϭϭ6ϴΔABCporAϯϵϬϮ deriǀatiǀe ǁith a ΔcŵeABC::cat iŶsertioŶal 
ŵutatioŶ 
 
ϯϵϬϮgfpcj IAϯϵϬϮ deriǀatiǀe coŶtaiŶiŶg the fusioŶ geŶe gfpcj This study 
ϯϵϬϮgfpcj-T IAϯϵϬϮ deriǀatiǀe coŶtaiŶiŶg the fusioŶ geŶe gfpcj-T This study 
ϯϵϬϮgfpcj-ΔT IAϯϵϬϮ deriǀatiǀe coŶtaiŶiŶg the fusioŶ geŶe gfpcj-ΔT This study 
ϯϵϬϮΔABCgfpcj ϯϵϬϮgfpcj deriǀatiǀe ǁith a ΔcŵeABC::cat iŶsertioŶal ŵutatioŶ This study 
ϯϵϬϮΔABCgfpcj-T ϯϵϬϮgfpcj-T deriǀatiǀe ǁith a ΔcŵeABC::cat iŶsertioŶal ŵutatioŶ This study 
WT: wild type. 
 
1. Parkhill J, Wren BW, Mungall K et al. The genome sequence of the food-borne pathogen 
Campylobacter jejuni reveals hypervariable sequences. Nature 2000; 403: 665-8. 
2. Sahin O, Plummer PJ, Jordan DM et al. Emergence of a tetracycline-resistant 
Campylobacter jejuni clone associated with outbreaks of ovine abortion in the United States. 
Journal of clinical microbiology 2008; 46: 1663-71. 
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Table 2 PCR primers used in this study.  
 
Pƌiŵeƌs SeƋueŶces RestƌictioŶ sites 
porAF ATGAAACTAGTTAAACTTAGTTTAGTTGCAGCTC  
porA-TR CGCGGATCCAAGCGTTTTAGCTTGG BaŵHI 
porAR CGCGGATCCAGCTTCTTAGAATTTGTAAAGAGCTTG BaŵHI 
KaŶF CGCGGATCCCGCTTATCAATATATCTATAGAATGG BaŵHI 
KaŶR GAACTGCAGGATAATGCTAAGACAATCACTAAAG PstI 
dŶaJFϭ GAACTGCAGTAGGAAAATTAAGACTTAAACC PstI 
dŶaJFϮ GAACTGCAGTTCAAGTCTAACTTCAAGGCGG PstI 
dŶaJR GGTAATATCTTAAAAAATGGTACTAGAGGGGATATG  
ϭϲSϭ-F TTCCCTAAGTCAAGCCTTTC  
ϭϲSϮ-F AGTTTAGCCATGATGCAAGA  
ϭϲSϯ-F AGAACATCGAGCAAGAGTTT  
ϭϲS-R CCATTCGCTCTTAGTAGCTT  
GFP-rtF GGTGAAGGTGAAGGTGATGC  
GFP-rtR AAGTAGGCCAAGGAACAGGT  
porA-rtF ATGGTTGGGATGCTAGCCTT  
porA-rtR CCTCACCTGCAAGTAAAGAACC  
cŵeA-ϱF AGTTGTTATCAGGGCTACAAA  
cŵeA-ϱR TTTACTCGTTGTCCGCTCCATTGGCTAATTATATCTTAATTTTGG  
cat-F TGGAGCGGACAACGAGTAAA  
cat-R TCAGTGCGACAAACTGGGATT  
cŵeC-ϯF AATCCCAGTTTGTCGCACTGATGAGCAAAGTGAAGATACGA  
cŵeC-ϯR TATGATTTGGATCGCTTTCG  
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